ABSTRACT The first objective of this study on broiler breeders was to investigate the genetic basis of variability in hatchability over age using a longitudinal model. Weekly percentage hatch of fertile and hatch of set eggs were available for 23,250 dams mated to 3,106 sires of the same age between the 28th and 54th week of life. Hatch of set was very highly correlated with fertility and showed a similar pattern through lay. There was a genetic contribution of the dam but not the sire to hatch of fertile; its heritability was about 6% from peak lay onward but lower earlier. The second objective was to investigate the relationship between hatchability and internal and external egg quality traits measured at 48 wk of age. These traits, specific gravity, weight loss, egg weight, and Haugh units, had moderate to high heritabilities, 0.53, 0.38, 0.65, and 0.38, respectively. Parameters of the genetic trend in weekly hatchability (mean and persistency) were significantly correlated with these egg quality traits, suggesting that in a bulk mating situation in which individual recording of hatchability is not possible, these quality traits could provide some indication on the trend in flock hatchability.
INTRODUCTION
Hatchability is a trait of major economic importance in the broiler industry because it has a strong effect on chick output. It can be expressed either relative to the total number of eggs set, in which case it encompasses both fertility (FER) and embryo survival, or relative to the number of fertile eggs (determined by candling). Fertility depends on genetic and environmental factors originating from the female and her mate , whereas the probability of an embryo's survival is a function of its own genotype and the quality of environment provided by the egg. Several environmental effects are known to affect hatchability, such as storage length and conditions, age of dam, and quality of the egg (Heier and Jarp, 2001) . It is also significantly influenced by genetic factors acting directly or indirectly through the egg (Meijerhoff, 1992; Liptói and Hidas, 2006) .
Previous analysis using a simple model assuming constant variances over age (Sapp et al., 2004) and other work described in a recent review ) have shown that hatchability of fertile eggs is mostly a trait of the hen (dam) rather than of her male mate (sire) or the embryo. Hatchability, as a trait of a dam, is characterized by a low direct heritability, below 10% in most studies (Beaumont et al., 1997; Sapp et al., 2005) . It tends to follow a pattern similar to egg production, with an initial increase from start of lay to a peak that is sustained for several weeks followed by considerable decline as the birds age (Heier and Jarp, 2001) . Ledur et al. (2000) reported substantial changes in additive and nonadditive genetic components of hatchability related to aging. This has led to calls to model the trait with a random regression model that takes into account the longitudinal nature of the trait and changes of variance components over time (Bennewitz et al., 2007) .
The first objective of this study was to understand the trend in genetic parameters as the flock ages and, to achieve this, to model variation in weekly hatchability with a random regression model. Because information on both hatch of fertile (HoF) and hatch of set (HoS) was available, the relationship between these 2 measures was initially investigated. Because HoS was found to be mainly determined by FER of eggs set, the detailed longitudinal analysis was therefore conducted on the additional information contained in HoF.
In a bulk pen mating situation with no trapping, data on an individual hen's HoF is often not available. However, monitoring of flock performance could be based on the trend in correlated egg quality traits like specific gravity and albumen quality ). Our second objective was therefore to investigate how best to model the genetic relationship between hatchability at various ages and egg quality traits measured at a single point in time in a single random regression analysis.
MATERIALS AND METHODS
Data on weekly number of eggs hatched, number of eggs fertile, and total number of eggs set for incubation recorded on individual hens between the 28th and 54th week of life in a broiler pure line were provided by Aviagen Ltd. Hatch of set was defined as the proportion of all eggs set that was hatched, whereas HoF was defined as the proportion of fertile eggs set (determined by candling) that was hatched:
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Records were available for 23,250 hens (dams) naturally mated to 3,106 males (sires) of the same age. These data are for the same line as that used in the FER analysis reported previously but contained more birds and spanned a slightly different age period due to different editing constraints. Birds were housed in floor pens at a ratio of 1 male to 8 or 10 females per pen with trap nests, which allowed the recording of individual performance. At 48 wk of age, egg weight, egg weight loss (between set and transfer to hatchers), specific gravity, and Haugh units were measured on a sample of eggs from each female. On average, there were 12,240 individuals with hatchability records at each age, ranging from 4,104 to 20,518. The mean weekly number of eggs set was 5.1 eggs per hen.
Repeatability Model
A repeatability model, which assumed constant effects across ages, was used initially to test which components [male vs. female, genetic vs. permanent environmental (PE)] contribute importantly to variation in hatchability and the relationship between HoF and HoS. The model fitted was as follows: (Harville, 1977) . Therefore the repeatability and all subsequent models were fitted using ASReml Version 2 (Gilmour et al., 2006) .
Because the estimate of the sire genetic component (a Mj ) was very small for HoF (0.5% of total phenotypic variance), it was omitted from subsequent bivariate analyses in which genetic and environmental correlations between HoF, HoS, and FER were estimated. The bivariate repeatability model fitted had the same fixed effects as model [1] above except that the runs involving HoF included genetic and PE effects of the dam and the PE effect of the service sire (here interpreted as a pen effect) and excluded the genetic effect of the sire.
Modeling Changes of Hatchability with Age
A random regression model with Legendre polynomials was used to evaluate changes in variance components of hatchability over time: where y ijkn , POU i , b m , z mn , and e ijkn are as defined above and a Fjkm , p Mjm , p Fjkm are the mth random regression coefficients for additive genetic effect of female and PE effect of male and of female, respectively; m 1 to m 3 are degrees of covariates fitted to dam genetic and PE effects and sire PE effect; m = 0 denotes a constant term; and m = 1 denotes a linear regression coefficient.
The fit of models with different degrees of Legendre polynomials (Table 1 ) was compared using the Akaike information criterion (Akaike, 1974) . In the choice of final model, the shape of the estimated covariance functions and the possibility of directly interpreting the estimated parameters were also taken into account.
Correlations Between Hatchability and Egg Quality Traits
To estimate genetic correlations between hatchability and specific gravity, egg weight, egg weight loss, and Haugh units, the additive genetic effect of the hen (female) from the above random regression model was assumed constant over time and a covariance with the egg quality traits was included. In the second stage, the model was expanded by allowing the genetic effect of female to vary over time (first degree Legendre polynomial) and including covariances between the quality traits and the slope parameter.
In all random regression models, residuals were assumed to be heterogeneous and independent across traits and time (i.e., a separate residual variance of hatchability was estimated for each week).
RESULTS
Combined Analysis of FER, HoS, and HoF Using a Repeatability Model
The observed mean and SD of weekly HoF, HoS, and FER are plotted in Figure 1 . The trend shows that HoF remained relatively constant around 90% for most ages after an initial increase from below 80% at 28 wk of age. Hatch of set on the other hand declined significantly from an initial peak around 70% at about 33 wk of age to about 54% at 54 wk of age. This trend was parallel to the observed trend for FER indicating that HoS is mostly driven by FER. For FER and HoF, variation was lowest at about 33 wk of age, near their peak, and was relatively constant for some weeks from then for HoF. Variability tended to increase slightly for all traits as the birds aged.
Variance components estimated from the single-trait repeatability models for all traits are presented in Table  2 . The results indicate that HoF is almost exclusively a trait of the female that lays an egg with estimates of the sire genetic variance close to zero for HoF. Sire genetic components for FER and HoS were, however, more significantly different from zero than the equivalent estimate for HoF. For all of the analyzed reproductive traits, heritability was low, ranging between 0.052 and 0.064 for the female component and between 0.005 and 0.105 for the male component (Table 2) . When the heritability of HoF was assumed constant across ages, it was 10 times higher for the female component than the male component (0.05 vs. 0.005). In contrast, the heritability associated with the male component was higher than that for the female component for FER (0.11 vs. 0.06), in accordance with previous findings , and also for HoS (0.09 vs. 0.06). This implies that most genetic variation in FER and hence HoS was due to the male, whereas genetic variation in HoF eggs was mostly due to the female that laid the egg rather than her mate. Table 3 shows estimates of phenotypic, genetic, PE, and residual correlations between the analyzed traits derived from a series of bivariate analyses using the repeatability model. The genetic correlations between FER, HoF, and HoS were all positive, indicating that females that have a higher proportion of fertilized eggs also have higher hatchability. For the same combination of traits, genetic correlations (from the dam component) were higher than the PE correlations and both were higher than the sire PE correlations. The residual correlation between FER and HoS was over 0.8, whereas the genetic and PE correlations were over 0.9 for both male and female components, indicating that both traits are controlled by the same factors (genetic and environmental). Hatch of set was also very highly correlated with HoF, and therefore in subsequent discussion, only HoF will be considered as an independent measure of hatchability. Table 1 shows the terms included, order of fit, log likelihood, and Akaike information criterion, from 5 random regression submodels that were evaluated in an attempt to adequately describe variation in hatchability (HoF) as the bird ages. Our results confirm that increasing the order of polynomials used to model the random part of the variation leads to substantial improvement in fit as indicated by the log likelihood (submodels iv vs. vi and viii). We consider submodel v to be a good compromise between the goodness of fit and complexity; however, although they improved the fit, higher order polynomials did not substantially change the shape of the estimated covariance functions. Moreover, parameters of a first-order polynomial for the genetic term can be directly interpreted as the genetic value for mean and slope (persistency) of hatchability. The sire PE component had the least influence on the scale and trend in variation in HoF as the birds aged (Figure 2 ). The contribution from the genetic effect of the hen was significant and appeared relatively constant over the analyzed period, but that from the PE effect was higher at the start and end of the lay trajectory. The residual variance was the most variable component, with the estimate almost twice as high in the early weeks as in the middle and end of lay. The changes of variance components were reflected in the heritability, which increased from 0.03 in the first week to an almost constant 0.06 in the fifth and subsequent weeks of lay (Figure 3 ).
Relationship Between Traits
Random Regression Model
Correlations with Egg Quality Traits
Numbers of observations and descriptive statistics for quality traits are given in Table 4 . The heritability and genetic correlation with HoF estimated with a bivariate random regression model are also presented in Table 4 . Heritability was moderate for all quality traits and ranged from 0.38 for weight loss and Haugh units, through 0.53 for specific gravity, to 0.64 for egg weight. Estimates of genetic correlations between these traits and mean FER ranged in absolute value from 0.2 to over 0.5. Higher specific gravity was associated with increased mean and persistency of hatchability. Hens laying eggs with high weight, weight loss, and Haugh units had reduced mean hatchability and, respectively, lower, average, and higher persistency.
DISCUSSION
The results of the study show that the male mate of a hen has little or no genetic effect on the hatchability of her fertile eggs. It, however, has an effect through its genes and PE factors on the HoS mostly because of its effect on FER. This suggests that the effect of the male mate on chick output is mostly through FER rather than any influence on the ability of the fertile egg to hatch. In this study, nonfertile eggs were not broken out to distinguish between early embryo death and true infertility. Hence, the strong male genetic effect on FER can be interpreted as an effect on both FER and early embryo mortality (although the latter may also be a function of the embryo's genotype, reflected in this analysis as sire and dam effects). Hatch of set was strongly correlated with both FER and HoF. This implies that independent improvement of FER and hatchability requires selection for both FER and HoF rather than only HoS. The heritability of 0.052 estimated for HoF from the repeatability model, which assumed a constant estimate across ages, was close to the average of the weekly estimates from the random regression model, which ranged from 0.033 to 0.064, and is consistent with the value of 0.059 reported by Sapp et al. (2005) , who also used a repeatability model. Higher values were estimated by Bennewitz et al. (2007) , 0.126 for HoF and 0.136 for HoS, perhaps because these did not separate out the sire and dam components.
The genetic effect of the dam and the PE effect of the sire on variation in HoF were relatively constant at all ages, but the dam PE effect increased at the beginning and toward the end of lay. Almeida et al. (2008) observed that older hens laid more infertile eggs and had higher embryonic mortality, which could be the reason for increased dam PE variance. The heterogeneity of total variance across ages and observed changes of variance components with age indicate that the use of random regression methodology is essential for the analysis of repeated measures of hatchability as the flock ages. A longitudinal model of hatchability like the one described here will allow improvements of performance at specific ages as well as improvement in persistency of hatchability as the flock age. Persistency of hatchability is a very important trait in commercial flocks and helps avoid early replacement of flocks or spiking-a practice whereby roosters in an aging flock are replaced, usually with males from younger flocks, to improve FER.
Correlations with Egg Quality Traits
In a commercial flock, recording HoF eggs is not a common practice because of the need for candling and recording it to individual birds would have a high cost in resources and time. It is therefore important that predictors of individual bird hatchability, which can be recorded quickly and cheaply and which are used in commercial settings, should at least be monitored in the breeding program. Examples of such traits are egg weight, specific gravity, egg weight loss, and albumen quality as indicated by the Haugh unit. Egg weight is important for broiler breeders because of the close correlation between egg size and chick weight and the persistency of this relationship as the flock ages (Kamali et al., 2007) . The correlation between egg weight and HoF in this study is low and negative, in contrast to a positive association reported by Senapati et al. (1996) . This may be a consequence of the nonlinear relationship between egg weight and hatchability (Brah et al., 1992; Abiola et al., 2008) and the change in size of eggs as the bird ages and if so implies that the estimated correlation may depend on the section of the production curve for which eggs are contributed for analysis.
Weight loss is related to egg weight and is usually used as an indicator of incubation conditions to adjust temperature and humidity. The optimum egg weight loss during incubation for embryo survival is about 12% of fresh egg weight (Tullett, 1990) . However, for a fixed set of incubation parameters, weight loss has been found to vary (as these data show) and this may be due to a balance between shell thickness and porosity, both of which may be under genetic control. In this study, heritability of egg weight loss was moderate. High weight loss was genetically associated with lower mean and lower persistency of hatchability.
Specific gravity measures the relative proportion of shell in the egg based on its density. Our estimated positive genetic correlation between specific gravity and hatchability confirms the result of McDaniel et al. (1981) . They found that eggs with higher specific gravity tend to have lower early embryonic mortality and hence lower HoS, which in this study is highly correlated with HoF.
The Haugh unit is a measure of albumen integrity. In a review by Narushin and Romanov (2002) , the relationship between hatchability and internal quality was summarized as a negative correlation between hatchability and liquid content of the egg. In the present study, an increase in Haugh units was associated with decreased average hatchability but positively with persistency.
Conclusions
The 2 main objectives accomplished in this study were, first, to model hatchability as a longitudinal trait and, second, to simultaneously analyze hatchability measured on a longitudinal scale and egg quality traits measured at a single point in time. The first analysis allowed us to model variation in hatchability over time as the flock aged, confirming the heterogeneity of variance and genetic parameters over time, which, if considered, can lead to improvement in accuracy of selection for high hatchability at various ages. Selection for the genetic profile of individual birds will result in improvement in persistency of hatchability. The second part of this study allowed us to estimate correlation between parameters of the genetic profile in hatchability (the mean and slope) and various quality traits at a given age. Such models can allow breeders to determine the most relevant age to record the quality traits that will maximize the benefits of their use as indicators of hatchability at all ages. The medium to low correlation between quality traits and mean hatchability suggests that perhaps these quality traits also vary genetically as the flock ages. Within the breeding program, there may be benefit in recording quality traits at different ages so as to accurately estimate the within-age correlation between hatchability and egg quality traits. This study also shows that hatchability, when considered independent of FER, is almost exclusively a trait of the hen. Careful consideration should therefore be given to the dam and maternal grand dam genetic pathways when trying to select males for higher hatchability of fertile eggs.
